The monitoring of antiandrogen treatment in patients with prostate cancer, investigation of hyperandrogenism in women, and evaluation of infants with ambiguous genitalia require accurate measurement of low testosterone concentrations. However, testosterone immunoassays have been shown to be inaccurate and often to overestimate testosterone concentrations in the low range [1] . A working group of the Endocrine Society recently reviewed this concern and presented several recommendations to ensure the accuracy of future testosterone testing for improvement of diagnosis and treatment of disease [2] .
In the present study we evaluated the current situation with regard to the accuracy of seven testosterone immunoassays, including two second generation assays, by comparison with isotope dilution-liquid chromatography-tandem mass spectrometry (ID-LC-MS/MS). In addition, we investigated the possible improvement of these immunoassays by diethyl ether sample extraction.
Serum from 50 men, 50 women and 16 children (age 4-16 years) was collected, divided into aliquots, and stored (-20 o C) until analysis. All investigations conformed to the ethics standards of the Helsinki Declaration.
Total serum testosterone was measured singly (except in duplicate by ID-LC-MS/MS), within the same lot, and before and after extraction by ID-LC-MS/MS and seven immunoassays. We used a slightly adjusted version of a previously published ID-LC-MS/MS method (Quattro Premier XE, Waters) [3] . Validation showed that testosterone results were not affected by the modifications and were concordant with a reference method, GC-MS. All immunoassays are currently available, except for the second generation Architect ® (Abbott) assay which will be available soon. None of the immunoassays investigated (Table 1) used an extraction step, as a prescribed procedure, prior to analysis. We extracted testosterone using diethyl ether as described previously [4] . The dried extracts were reconstituted in a matrix recommended by the manufacturer.
The results of the extracted samples were corrected for baseline testosterone concentration of the reconstitution matrix and mean extraction recovery. By ID-LC-MS/MS, the 116 individual serum samples were categorized and subsequently analyzed in two groups, < 4.0 nmol/L (n = 68) and > 4.0 nmol/L (n = 48), because the immunoassays show a nonlinear relationship over the entire measuring range. Samples with concentrations below the detection limit of the tested immunoassay or insufficient serum volume were excluded from data analysis ( Table 1) .
For untreated and extracted samples in the higher testosterone range, all immunoassays showed a good correlation with ID-LC-MS/MS (r > 0.92; Table 1 ). In the lower range, the correlation coefficients of the immunoassays ranged from 0.59 to 0.92. The best correlation and SD mean percentage bias in this range was observed in a nonautomated RIA. The performance of the Architect immunoassay shows a clear improvement compared to its predecessor (Supplemental Data Figure 1 ).
To investigate whether the accuracy of the different testosterone immunoassays could be improved by diethyl ether extraction, we first analyzed the recovery of the extraction method using ID-LC-MS/MS. Therefore, we measured all samples with ID-LC-MS/MS before and after sample extraction. The extraction method proved to be robust, because we found correlation coefficients of 0.97 and 0.99 for low and high concentrations, respectively. The effect of extraction on the correlation coefficient and mean percentage bias was most pronounced in the Architect I assay (Table 1) . Its performance after sample extraction is comparable to the performance of its successor without extraction. Furthermore, sample extraction further improved the accuracy of the two second generation assays in the low range ( Table 1 , Supplemental Data Figure  1 ), which indicates that they still suffer from interfering compounds and their specificity can be further improved. For several immunoassays an increased bias was observed ( Table 1) ; this could be explained by the design of the assay which is not calibrated for a purified reconstitution matrix.
The phenomenon that direct automated testosterone immunoassays give inaccurate high results in samples from women and children because of possible calibration and specificity problems has been addressed extensively in the literature. The precise nature of the interfering compounds has yet to be elucidated, although a significant cross-reactivity with DHEA sulfate has been reported for the Cobas ® I and II assays [5] .
In the present study we evaluated the accuracy before and after sample extraction of seven commercially available direct testosterone assays. In conclusion, in the > 4.0 nmol/L testosterone range, all immunoassays show a good correlation with ID-LC-MS/MS. The correlation coefficients for automated immunoassays were relatively poor for measurement of low testosterone concentrations (< 4.0 nmol/L) in untreated samples. Following diethyl ether sample extraction, the correlation coefficient of 6 of 7 immunoassays including the second generation assays increased. Although the accuracy of testosterone immunoassays has been improved since 2007 by the introduction of second generation assays, there is still need for further improvement. x-axis represents the testosterone concentration measured by ID-LC-MS/MS (nmol/L); the y-axis represents the ratio of testosterone concentration by immunoassay divided by testosterone concentration by ID-LC-MS/MS. Samples with concentrations below the detection limit of the tested immunoassay or with insufficient serum volume were excluded from data analysis. FIGURE 1B 
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